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This study identifies equations for predicting lung function values in a population of ‘healthy’,
nonsmoking older adults, explores the applicability of prediction equations derived
from younger adult populations to the elderly, and examines the justification of developing
population-specific reference equations for older age.
FVC, FEV1, and PEF were measured according to the ATS criteria in 651 ambulatory volun-
teers aged 65e86 years, representative for the Croatian Mediterranean population. After
exclusion of eversmokers and subjects with respiratory symptoms and/or diseases, 261 asymp-
tomatic subjects were included in the analyses. Sex-specific reference equations and lower
limits of normal were derived by using a linear model with height and age as predictors.
The equations for lung volumes were more reliable than those for PEF.
The new FVC and FEV1 reference equations were found to be in agreement with those gener-
ated previously from primarily young and middle-aged adults. The latter perform reasonably
well when extrapolated for ages beyond 65 years. Cross-validation of reference equations
existing for the elderly showed that almost all European and U.S. equations systematically
overpredicted lung function parameters in the Croatian sample. The overpredictions in means
ranged between 14% and 34% for FVC and between 10% and 20% for FEV1. Differences increased
towards the extremes of distribution, which rendered these equations inappropriate for our
elderly subjects. They identified FVC in 25e55% of the subjects as being below the lower limit
of normal.
The observed discrepancies strongly support the establishment of age- and population-
specific reference equations for lung function assessment in older age.
ª 2008 Elsevier Ltd. All rights reserved.5535108; fax: þ385 1 5535105.
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622 N. Smolej Narancic´ et al.Introduction From the total sample of 5247 adults, 841 (16.0%, 379The rising number of elderly people in most European
countries and the increasing prevalence of respiratory
diseases with advanced age, continuously increase the
interest in deriving and using adequate spirometric refer-
ence values for this segment of the population. Lung
function variables in the elderly are often predicted by
extrapolation from reference equations that refer to young
and middle-aged subjects. Predictions are also obtained
from equations that cover a wide age range, but tend to be
developed from samples that included relatively small
numbers of the elderly. Both solutions have generally been
considered inappropriate.1,2 So, separate studies of the
elderly have been undertaken which have enabled more
accurate screening for lung diseases in this age group. They
have demonstrated substantial variability in predicted
values among different populations and mostly found that
the summary European Coal and Steel Community (ECSC)
reference values3 were not predictive of normal lung
function for their elderly subjects.
An earlier study of lung function in the Mediterranean
region of Croatia provided spirometric reference equations
for the adults.4 It included a limited number of healthy,
elderly non-smokers and showed good correspondence to
the ECSC references. During the examination that followed,
a larger group of elderly participants was joined to the
original cohort, which gave us the opportunity to derive
spirometric reference values from the population of
ambulatory elderly persons. As a result, this study was set
to reference equations and normal ranges of FVC, FEV1, and
PEF for the population aged between 65 and 86 years. It
questions the assumption that regression equations
obtained from young and middle-aged adults apply to
elderly subjects. It also compares the predicted values of
the Croatian sample with those from the widely used ECSC
summary equations3 and from different European and U.S.
equations which are specific for elderly persons5e10 in order
to examine the justification of developing population-
specific equations for the elderly.
Subjects and methods
Subjects
The subjects belong to a large sample of 5247 adults investi-
gated from 1986 to 1990 and from 1995 to 1997 within
a multidisciplinary anthropological research in the Adriatic
region of Croatia. This large sample aged 18e86 years was
selected randomly from voting lists to form approximately
20e30% of the total population of randomly chosen settle-
ments distributed homogeneously from the north to the south
of the country’s Adriatic region. They were located on the
islands of Krk, Silba, Olib, Pag, Brac, and themainland coastal
belt including Peljesˇac peninsula. The subjects were all
volunteers, and the response rate was about 95%. Detailed
characterizationof thebiotopeandof thepopulations living in
it (demography, ethno-history, linguistics, many qualitative
and quantitative biological traits including cardiorespiratory
physiology and anthropometry) has been given in more than
200 reports published to date (e.g., Ref. [11e13]).men and 462 women) were aged 65e86 years. All were
ambulatory and non-institutionalized individuals. They
underwent a clinical interview and examination, which
included the completion of a modified version of the
Medical Research Council14 standardized questionnaire on
respiratory symptoms. Of the entire elderly cohort, 651
(77.4%) were able to perform spirometry which met the ATS
criteria.15 The major reasons for failure to perform
spirometry were medical contraindications, cough during
maneuver, and inability to follow instructions. The persons
who were unable to perform spirometry were older than
those with acceptable spirometry. Of the 651 subjects who
performed spirometry, 13% were either current or ex-
smokers, and 55% had the history of chest injuries or
operations, respiratory diseases (self-reported or diagnosed
frequent bronchitis, chronic bronchitis or emphysema,
asthma, pleuritis, pneumonia, pulmonary tuberculosis),
respiratory symptoms in the last 12 months (persistent
cough, wheezing or phlegm, breathlessness for any reason)
or hypertension. Altogether, 390 people (60%) were
excluded on the basis of smoking and/or respiratory health
status following the ATS recommendations.1 The sample
that remained in this study consisted of 261 (107 men and
154 women) ‘‘healthy’’ lifetime never-smokers. Only 56 of
them belonged to the sample of our earlier study,4 while
the additional 205 were examined in 1995e1997. None of
them had ever worked in a polluted atmosphere for an
extended period and their residing area is considered to be
free of urban air pollution. More than 80% of them were
involved in agriculture and fishery during their lifetime. The
remaining subjects were mostly employed in tourism.
Approval was obtained from the ethical committee of
the institutions involved in the study. Subjects provided
verbal informed consent to voluntarily participate in the
survey. Croatian law did not request the written informed
consent at the time of the field survey.
Spirometry and anthropometry
Two members of the research team (medical doctors,
specialists) performed the testing. Flow/volume spirometry
was recorded by means of a pneumotachographical open
system with the body temperature, atmospheric pressure
and saturation (BTPS) conditions. Ja¨ger’s Pneumoscreen
(Wu¨rtzburg, Germany) was used. The instrument was
heated to 37 C automatically. The subjects were instruc-
ted to perform acceptable and reproducible maneuvers,
ensuring that they produced the highest possible peak
flows and that the expiration continued for 6 s. The
testing was performed in a sitting position without a nose-
clip. The FVC maneuver was repeated as many as eight
times or until at least three FVC values were obtained that
varied no more than 100 ml or 5%, whichever was higher.
Time zero of each maneuver used the back-extrapolation
technique.15 For FVC, FEV1 and PEF the best values were
taken from any of the acceptable tracings. To ensure the
stability of the results, the instrument was calibrated using
a 3-L syringe each morning and recalibrated after every 20
subjects with ambient air. The tests were performed in
local health centers either in June or September, between
7 am and 12 am.
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ing to the International Biological Programme protocol.16
Statistical analysis
Stepwise multiple linear regression analysis was performed
to derive equations for predicting FVC, FEV1 and PEF. The
dependent spirometry variables were regressed against
the independent variables of height and age as well as
against their logarithmic (ln), quadratic, and cubic terms.
The analyses were performed separately for each sex. The
independent variables were retained if their regression
coefficients departed significantly from zero (p 0.05). The
fraction of explained variance (R2) and the residual stan-
dard deviation (RSD) for each regression were reported.
Residuals (measured value minus predicted value) were
checked for normality of distribution and plotted against
age and height to examine heteroscedascity (fits were
required to be nonsignificant). The lower limit of normal
(LLN) was estimated as: LLNZ predicted 1.645 RSD.
The general usefulness of the presently developed equa-
tions was ascertained by their cross-validation against the
prediction equations existing in the literature. The equations
were cross-validated as follows: dependent t-tests (p 0.05)
were performed to compare the measured spirometric
values with those predicted by the cross-validated equa-
tions. The prediction errors (measured value minus pre-
dicted value by the equation from the literature) were
regressed linearly on values predicted by the currently
developed equations. If the slope did not differ significantly
(p 0.05) from zero, the cross-validated equation was
essentially not in disagreement with the currently devel-
oped, which was optimal for our data. However, if the slope
of this regression line was significantly different from zero,
the implication was that the cross-validated equation’s
prediction errors varied across the scale.
The differences between predicted values based on
prediction equations from the present study and others
were presented as BlandeAltman plots. All the analyses
were performed using SPSS/PCþ version 10.0.
Results
After selection of healthy never-smoking subjects who met
the ATS acceptability and reproducibility criteria, a total of
107 men and 154 women aged 65e86 years were included in
the study. Their age and height distributions did not
significantly differ from the distributions in the entire
cohort of 841 elderly subjects from which the healthy
subgroup was selected. As expected, more women than
men were recruited. The sample sizes decreased across the
three half decades from 45% to 20% of the total and reached
5% in men and 10% in women at ages 80 years. Broad
distribution of height helped to ensure that both short and
tall elderly persons were represented in both sexes. The
exclusion of subjects form extreme age and height cate-
gories did not change the coefficients in the subsequent
regression analyses.
Table 1 shows the basic descriptive data on age,
anthropometric and spirometric variables for the healthy
subjects. No significant differences in anthropometriccharacteristics were found between the analyzed sample
and the excluded subjects except for the larger body
weight and BMI in the latter.
Regressions of FVC, FEV1 and PEF on height and age,
where these contributed significantly to the description of
the findings, are given in Table 2. Preliminary analysis
revealed no relationship between lung function and sitting
height, chest dimensions, weight or BMI. For this reason,
regression equations did not include other independent
anthropometric variables than height. In women, age was
the only significant predictor of lung function. The linear
equations proved satisfactory according to the previously
mentioned criteria. The proportion of explained variance
(R2) was 21e24% for FVC and considerably lower for PEF,
especially in women (7%). The addition of transformed
height and age did not significantly improve the strength of
the prediction equations.
The lower limit of normal range should be calculated by
subtracting the fixed interval in the LLN column of Table 2
from the predicted value. The approach that uses predicted
value minus 1.645 RSD instead of the 5th percentile was
applied, as the lung function data showed normal distri-
bution of residuals and constant variance by age and
height.
Table 3 gives the results of cross-validation analyses for
the selected published prediction equations against those
presently developed. The published equations relate to
population-based studies and derive from the subjects of
European descent who were non-smokers without disease
that could compromise their ventilation. The ECSC3 and the
previously reported Smolej et al.’s4 equations cover a wide
adult age range. Among those for the elderly, the Enright
et al.’s5 were generated from Caucasian elderly in the
U.S.A., Hardie et al.’s6 from the North European population
and Turcic´ et al.’s7 from the inland Croatian population.
Finally, the equations of Pistelli et al.,8 Garcia-Rio et al.,9
and Baltopoulos et al.10 are based on elderly samples from
the Mediterranean region. The key statistics for comparison
are the t-values for differences between the means and
those for the slopes of the prediction errors. As many as 32
of the 38 cross-validated spirometric equations produced
predicted means that are significantly different from the
measured ones. The overall trend was that the measured
means were lower than those predicted by the cross-vali-
dated equations. Furthermore, 14 of the equations yielded
slopes that were significantly different from zero when the
prediction errors were regressed on the current predicted
values. It would, therefore, appear that most of the
equations are not applicable to our data.
Apart from the stringent statistical criteria, a few cross-
validated equations gave prediction differences that were
not considered large enough to be of physiological signifi-
cance. Those were the cases where mean differences
varied by less than 5% of the observed mean values and at
the same time the slopes of prediction errors were not
significant, indicating the same bias for all parts of the
scale. Generally, the FVC and FEV1 equations by Smolej
et al., ECSC (for women), Turcic´ et al. and Baltopoulos
et al. were judged to give close predictions to the current
data. The prevalence estimates of people below the LLN,
by these equations is close to 5%. None of the PEF equations
satisfied the set criteria. The BlandeAltman plots confirm
Table 1 Anthropometric and lung function descriptive data for ‘‘healthy’’ elderly never-smokers.
Men (nZ 107) Women (nZ 154)
Mean SD Range Mean SD Range
Age (yrs) 71.3 4.60 65e86 71.6 4.97 65e86
Height (cm) 171.9 6.65 156.6e192.0 158.6 5.97 142.7e172.6
Sitting height (cm) 89.6 3.50 81.0e100.2 83.4 3.32 76.1e92.2
Chest (cm)
Breadth 29.3 2.13 24.7e34.9 26.0 2.19 20.1e32.4
Depth 23.1 2.05 17.5e28.6 20.9 2.06 16.1e30.3
Circumference 103.3 6.39 90.0e118.6 96.5 7.15 79.7e118.2
Weight (kg) 79.1 9.86 56.0e107.0 67.5 8.95 46.5e90.0
BMI (kg/m2) 26.6 2.24 19.9e30.0 26.9 2.81 17.9e30.8
FVC (L) 3.32 0.64 2.03e5.14 2.21 0.46 1.32e4.03
FEV1 (L) 2.68 0.52 1.69e3.98 1.83 0.37 1.20e3.45
PEF (L s1) 7.12 1.71 3.2e11.2 4.49 1.20 2.3e8.2
BMI: body mass index (weight/height2); FVC: forced vital capacity; FEV1: forced expiratory volume in 1 s; PEF: peak expiratory flow; and
SD: standard deviation.
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women) FVC and FEV1 equations (Figs. 1 and 2). For
comparison, the plots also illustrate large overpredictions
by the U.S. equations vs the present study.
Discussion
This study identifies equations for predicting lung function
values in a population of ‘healthy’, nonsmoking older
adults, explores the applicability of prediction equations
derived from primarily younger adult populations to the
elderly, and examines the justification of developing pop-
ulation-specific reference equations for the elderly.
The strength of the current study carried out in the
Mediterranean area of Croatia, is in its representativeness
for the elderly population segment (aged 65e86 yrs).
Sixteen percent of the elderly in the adult sample agrees
fairly well with 19% of the elderly in the adult population of
the Adriatic region and Croatia in general.17 As our exam-
inees were ‘‘fit’’ non-institutionalized, ambulatory volun-
teers, a difference of 3% reflects the difficulty in recruitingTable 2 Prediction equations for ‘‘healthy’’ elderly
Croatians (nZ 261).
Equation LLN R2% RSD
Men
FVC (L) 2.825 H 0.050 Aþ 2.058 0.922 24.3 0.559
FEV1 (L) 1.636 H 0.038 Aþ 2.553 0.802 16.5 0.486
PEF (L s1) 6.293 H 0.110 Aþ 4.135 2.605 16.3 1.579
Women
FVC (L) 0.042 Aþ 5.247 0.676 20.9 0.410
FEV1 (L) 0.034 Aþ 4.230 0.541 20.6 0.328
PEF (L s1) 0.063 Aþ 8.996 1.926 6.7 1.167
H: height in m; A: age in years; FVC: forced vital capacity; FEV1:
forced expiratory volume in 1 s; PEF: peak expiratory flow; LLN:
1.65 RSD; R: multiple correlation coefficient; and RSD:
residual standard deviation.the elderly from the general population. A rather rigorous
quality control program during data collection ensured the
compliance of spirometries with ATS recommendations.
About 22% of the elderly were unable to perform accept-
able spirometry comprising medically contraindicated
spirometries as well as the actual incapacity to produce
acceptable and reproducible spirograms. The percentages
increased with age, which is in accordance with the findings
from the Italian SA.R.A. study.18
Prediction equations for flow/volume curve variables
were derived from healthy lifelong non-smokers and
included height and age without their polynomials or
transformations. Some studies of the elderly showed that
the addition of second degree height term significantly
improved the equation’s predictive power.9 This was not
the case with our study, despite the broad height range of
the sample. Moreover, height was not a significant predictor
of the lung function in women of our sample which follows
the findings of smaller height coefficients for women in
other elderly populations.5e8,10
It has been suggested that the decline in the lung function
accelerated with aging.19e21 The fact that linear model
provided satisfactory fit in this cross-sectional study may be
due to the narrower age range but does not necessarily imply
that the decline in the lung function is truly linear in old age.
The linear relationship is at least in part due to selection:
subjects in whom lung function decayed rapidly with age did
not survive to an old age or suffered from functional
impairment that prevented their participation in the study.
When comparing the age coefficients between sexes, most
cross-sectional studies of the elderly have demonstrated
more negative coefficients for men, than for women.6,9,10,19
The current equations reflect this trend showing a decline in
FVC of about 50 mL/year and 40 mL/year for men and
women, respectively. The PEFage regression coefficients are
almost two times higher in elderlymen than inwomen,which
was also reported by other authors.9
Recent studies have shown that commonly used refer-
ence equations for adults may lead to inaccuracies when
applied to spirometry in the elderly.5,9 This is ascribed to
Table 3 Cross-validation analyses for different spirometry equations from the literature against those currently developed for
men and women.
First author
(Reference)
Measured vs
predicted by the equation
from the literature
Linear regression
of prediction errors on values
predicted by current equationb
Percent observed values
below the LLNc
Mean differencea t (dfZ106) t (H0:slopeZ0)
Men
FVC (L)
Turcic´7 e0.004 e0.63 e0.44 NP
Smolej4 e0.183 e 3.27f e0.93 6.5
Baltopoulos10 e0.196 e 3.52f e1.61 NP
ECSC3 e0.375 e 6.54f e0.73 15.9
Garcia-Rio9 e0.569 e10.10f e1.66 39.3
Enright5 e0.586 e10.17f e0.31 30.8
Hardie6 e0.760 e13.39f e1.96 28.0
Pistelli8 e1.029 e18.77f e1.10 53.3
FEV1 (L)
Baltopoulos10 e0.001 e0.03 e3.40e NP
Smolej4 e0.035 e0.71 e1.93 4.7
Turcic´7 e0.102 2.05d e0.05 NP
ECSC3 e0.156 e3.15e e1.42 8.4
Enright5 e0.158 e3.25e e0.87 8.4
Pistelli8 e0.210 e4.37f e0.82 8.4
Garcia-Rio9 e0.311 e6.37f e2.40d 24.3
Hardie6 e0.368 e7.46f e2.53d 13.1
PEF (L s-1)
Smolej4 e0.326 e2.13d 6.52f 2.8
ECSC3 e0.527 e3.42e 14.43f 15.9
Garcia-Rio9 e0.617 e4.06f e33.45f 6.5
Women
FVC (L)
ECSC3 e0.057 e1.55 1.88 5.2
Baltopoulos10 e0.104 e2.65e 0.31 NP
Smolej4 e0.115 e 3.28e 1.56 4.5
Turcic´7 e0.173 e 5.03f 3.04e NP
Garcia-Rio9 e0.418 e11.53f 0.03 46.1
Hardie6 e0.489 e13.26f 1.64 24.7
Enright5 e0.512 e14.51f 0.71 29.9
Pistelli8 e0.762 e21.45f 2.85e 55.2
FEV1 (L)
Baltopoulos10 0.074 2.23d 5.94f NP
Smolej4 e0.042 e 1.53 0.23 3.2
ECSC3 e0.049 e 1.62 0.30 5.2
Turcic´7 e0.118 e 4.43f 1.94 NP
Hardie6 e0.171 e 5.94f 4.62f 10.4
Enright5 e0.214 e 7.58f e0.74 21.4
GarciaRio (9) e0.229 e 8.06f e0.65 27.3
Pistelli (8) e0.364 e13.02f e2.99e 23.4
PEF (L s1)
Smolej (4) e0.392 e 4.11f 5.63f 5.2
GarciaRio (9) e0.654 e 6.49f e2.15d 18.8
ECSC (3) e0.984 e10.01f 4.27f 35.7
FVC: forced vital capacity; FEV1: forced expiratory volume in one second; PEF: peak expiratory flow; ECSC: European Coal and Steel
Community; NP: RSD not provided.
a Measured mean e predicted mean by the equation from the literature.
b Prediction error Z measured value e predicted value by the equation from the literature.
c LLN calculated using the RSD of the corresponding equation.
d p  0.05.
e p  0.01.
f p  0.001.
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Figure 1 BlandeAltman plots for the differences in prediction of FVC against mean FVC predicted by the new equations and
ECSC4 (a, d), Smolej et al.3 (b, e), and Enright et al.5 (c, f), for males (aec) and females (def).
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samples in which older people were underrepresented or
lacked. Among such equations, those previously reported
for the same Croatian population aged 18e86 years4 and
the summary ECSC equations3 were evaluated in the
current elderly sample.
The earlier Croatian equations gave FVC and FEV1
prediction differences that were considered not largeFigure 2 BlandeAltman plots for the differences in prediction o
ECSC4 (a, d), Smolej et al.3 (b, e), and Enright et al.5 (c, f), for menough to be of physiological significance. Towards the
upper extreme of age, for 80-year-old persons of average
height, the initial equations overpredict FEV1 for 6e7% in
both sexes and FVC for 10%, which is within the value of
standard error of estimate and indicates that the initial
equations match the current data of the elderly fairly well.
The summary European equations have been shown to
underpredict lung function variables in different Europeanf FEV1 against mean FEV1 predicted by the new equations and
ales (aec) and females (def).
Spirometry reference equations for elderly 627populations.9,22e27 Their cross-validation for the Croatian
elderly revealed substantial agreement of the FVC and FEV1
predictions in women while significant overpredictions
occurred in men. At the age of 80 years, the overprediction
of FVC reached 19%. The prevalence estimates of people
with lung function below the LLN were 5% in women and
reached an unacceptable 16% in men. Although the earlier
study in this population confirmed the applicability of the
ECSC equations for the adults, the present results suggest
that they should not be extrapolated into the advanced age
in men. Larger ECSC prediction errors revealed in men may
indicate that men from different populations vary more
than women. The variation may be more pronounced in
older age, reflecting adverse influences on lung function
during lifetime.
Currently developed reference equations have addi-
tionally been compared to those reported for the elderly
from different populations. Almost all European and U.S.
equations systematically overpredicted both FVC and FEV1
in the Croatian sample, which was formerly observed for
young and middle-aged subjects.4 The overpredictions in
means ranged between 14% and 34% for FVC and between
10% and 20% for FEV1. Where, additionally, the slopes of the
prediction errors proved significant, the discrepancies
increased towards the extremes of the distribution, which
rendered these equations inappropriate for our elderly
subjects. Moreover, they identified FVC in 25e55% of the
study’s subjects as being below the lower limit of normal.
A false positive rate of 5% should be expected when using
these reference equations to screen a generally asymp-
tomatic population of elderly subjects, as we did. Multiple
factors may have contributed to the differences among the
cross-validated studies, among which the population source
and instrumentation used have been widely recognized.
Even though most of the studies followed the ATS guide-
lines, the testing methodology could also have played an
important role.
Among the reference equations for the elderly, those
reported for FVC and FEV1 from the inland Croatian pop-
ulation7 showed reasonable agreement with the current
data. An earlier comparison between the Croatian inland
and Adriatic populations of younger ages pointed to mark-
edly lower lung volumes in the inland population.28 Further
research in this direction is needed since lung function was
found to be a strong predictor of regional variability of
survival in Croatia.29
Measurements of PEF showed high variability, with
standard errors of estimate being 22e26% of the mean
values and even larger when analyzed by the age groups.
A similar problem exists in other studies which were used
for comparisons. The equation for women is characterized
by the exceptionally low precision of prediction, which
discards it from epidemiological and clinical assessment. All
the cross-validated equations, including the earlier equa-
tions for younger adult age, markedly overpredicted
current data and prediction errors increased towards the
PEF extremes. In the comprehensive ECSC review it was
concluded that, due to the methodological and sampling
problems, the equations for lung flows diverged widely
among populations. Therefore, the currently developed
PEF equation for men should be used in Croatian Adriatic
elderly subjects instead of the equations generated fromother populations or from the same population of younger
age.
In conclusion, our results indicate lung function to be
expected for the elderly section of the population living in
the Mediterranean region of Croatia. The new reference
equations for forced spirometry are an improvement over
those developed for primarily young and middle-aged
adults although the latter perform reasonably well when
extrapolated for the ages beyond 65 years. Our equations
are also an improvement over the European summary
references, still commonly used in spirometric practice.
The evaluated prediction equations from the elderly of the
other Mediterranean, North European, and U.S. populations
mostly overpredict lung function values and may lead to
inaccurate interpretations. Prediction errors may be due to
multiple population and methodological factors and
strongly support the establishment of age- and population-
specific references for application in older age.
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